Heavy rainfall events are likely to be more frequent and intensive as climate change occurs. For urban infrastructure, design rainfall intensities are important since they may change, and involve considerable uncertainty in their assignments. Selection of frequency distribution is assessed, and the Gumbel distribution is demonstrated as appropriate for modeling the annual maximum series (AMS) of rainfall records. However, a rainfall model using partial duration series (PDS) is demonstrated to be suitable for events with recurrence intervals <10 y, compared to the AMS model. Statistically significant changes in design rainfall intensities are evidenced, with the identified changes being sensitive to the period of record used. A regional L-moment algorithm is recommended for reducing uncertainties involved in design rainfall intensity estimates, and an example of 1 h duration rainfall at Kingston, Ontario is provided as a case study.
Introduction
Increasing amounts of greenhouse gases in the atmosphere are leading to global warming, and contributing to more intensive climate extremes, such as minimum daily temperatures or heavy hourly rainfall quantities that occur every 5 y on average (Frei et al. 2006; Fowler and Kilsby 2003; Zhai et al. 1999) . Thus if heavy rainfall events are likely to change, it is appropriate to evaluate design rainfall intensities pertinent to municipal stormwater system design. Heavy rainfall refers to rainfall events with return periods between 2 y and 10 y.
Heavy events in rainfall records are extracted as data series to develop a rainfall intensity model. The series with all data values above a selected threshold is referred to as the partial duration series (PDS), and the group of all largest values from each year is referred to as the annual maximum series (AMS). The Atmospheric Environment Service of Environment Canada developed heavy rainfall intensity models using AMS data and the Gumbel distribution (Hogg et al. 1989) . The Ontario Ministry of Transportation (MTO) provides intensity-duration-frequency (IDF) curves, using the Gumbel distribution as an extreme value probability density function. Given that the Gumbel distribution is a two-parameter distribution, this limits the performance when compared to various three-parameter distributions such as the generalized extreme value (GEV) distribution, the generalized Pareto (GPA) distribution or the Pearson type 3 (PE3) distribution.
Of interest is to determine the most appropriate frequency distribution to model heavy rainfall intensities.
The uncertainties involved in design rainfall intensity estimates are substantial since models necessarily rely upon limited rainfall records (Coles et al. 2003; García-Ruiz et al. 2000) . The difference between the expected value and 95% confidence limits can be as large as 25% of the expected value, which increases the risks of stormwater system failure to cope when assigning the expected value as the design rainfall intensity (Aronica et al. 2005; Semadeni-Davies et al. 2008) . The relationship between the uncertainty in rainfall intensity estimates and the record length is characterized to find the circumstances under which a rainfall record can produce accurate design rainfall intensity estimates.
Rainfall intensity models frequently employ AMS data to estimate the probability of a given value being exceeded. An AMS model focuses on the largest event in a year, ignoring the second and third largest values in the same year (Laurenson, 1987) . The AMS model cannot model probabilities for the situation when more than one rainfall event exceeds the predicted rainfall intensity in the same year, which indicates potential street flooding or basement flooding, from an urban storm water management perspective. On the contrary, the rainfall intensity model using PDS data estimates the probability of a storm event exceeding the design rainfall intensity. The resulting PDS model approach has significant advantages in comparison with the AMS model.
If use of a PDS model is appropriate for evaluating design rainfall intensities, the timeframe of the historical rainfall record needs to be examined as well. It follows that the use of the entire record, regardless of the length of and which time period it is covering, is not always appropriate. A very long record may involve temporal changes, since the climate when a rainfall record was recorded may include substantial differences from the most recent climate (Zhang et al. 2001; Burn and Taleghani 2013; Vincent and Mekis 2006) . Therefore an analysis of the design rainfall intensity changes, versus the timeframe of the historical rainfall record used, is needed. This can be examined by splitting the rainfall records into two approximately equal lengths of record to estimate design rainfall intensities separately and then comparing them, to detect if changes are evident. The time of splitting may be enumerated over a range of years to identify the sensitivity of design rainfall intensity changes in response to the split year.
For design rainfall intensity estimates where substantial uncertainties exist (i.e. a large magnitude of confidence interval) due either to climate change effects or limited rainfall records, grouping with adjacent rainfall stations and using regional frequency analyses is an alternative to reduce the uncertainties involved in estimating design rainfall intensities (Ngongondo et al. 2011; Sveinsson et al. 2002) . A regional L-moment algorithm averages the statistical characteristics of rainfall records within a group, which is assumed (and tested) for statistical similarity, and evaluates the design rainfall intensities of each station in the group based on regional growth curves and an at-site scale factor (Hosking and Wallis 1997) . The regional L-moment algorithm is applied herein to rainfall records in Southern Ontario to demonstrate the reduction of uncertainties involved in characterizing intensities of design rainfalls.
This study uses rainfall records from climate stations in Ontario to examine the issues and techniques introduced above. The principal research objective is to improve the understanding of design rainfall intensities pertinent to municipal stormwater system design, and follows the lines of: · investigating the use of the Gumbel distribution with AMS data; · analysing the uncertainties involved in the AMS model and related IDF curves; · investigating the advantages of using PDS instead of AMS in rainfall intensity modeling; · identifying changes in design rainfall intensity in respect to the timeframe of the historical rainfall record; and · assessing the potential of the regional L-moment algorithm for reducing uncertainties in design rainfall intensities. The data obtained from Environment Canada were recorded over the period , with record lengths ranging from 1 y to 65 y, and an average of 13 y. The rainfall records include daily maximum rainfall amounts over durations of 5 min, 10 min, 15 min and 30 min, and 1 h, 2 h, 6 h and 12 h. Only rainfall records between April and October are employed, and annual records missing more than 20% were excluded. The following analyses use different subsets of these rainfall records. Gumbel (1954) developed an easy method to apply the Fisher-Tippett Type 1 distribution (Fisher and Tippett 1928) , and this method is commonly referred to as the Gumbel distribution. The CDF and quantile functions of the Gumbel distribution are as in Equations 1 and 2.
The Gumbel Distribution Is Appropriate
where:
x = quantile with non-exceedance probability of F, and α, ξ = scale and location parameters respectively, and are estimated by sample L-moments l 1 and l 2 , as in Equation 3.
where: γ = 0.5772, Euler's constant. Several methods can be used to assess the performance of a statistical distribution, when fitted to a rainfall record, including the plotting position correlation coefficient (PPCC, after Filliben 1975) method, the Anderson-Darling test (Anderson and Darling 1954) , the L-moment ratio diagram (Hosking and Wallis 1997) , and the relative root mean square error (rRMSE, Hosking and Wallis 1997) . The first three methods all analyse the fitness for the entire dataset, while the last method only focuses on event estimates of a specific return period. This paper uses the L-moment ratio diagram to select distribution candidates and then uses the rRMSE to assess the performance of candidates on event estimates of return periods of 2 y, 5 y, 10 y and 25 y. This section uses historical rainfall records for 21 climate stations with ~40 y of record.
In Figure 1 , the L-moment ratios of data from 21 stations (rainfall durations of 5 min, 10 min, 15 min, 30 min, 1 h and 2 h) are indicated as circles, together with squares representing distributions of Gumbel (G), exponential (E), normal (N), logistic (L), uniform (U), and curves representing three-parameter distributions of generalized logistic (GLO), generalized extreme value (GEV), generalized Pareto (GPA), generalized normal (GNO), and Pearson type 3 (PE3). From the L-moment ratio diagram, the probability distributions of L, N, U, E, GLO, and GPA are excluded because they deviate from the bulk of the circles. The acceptable candidate distributions include G, GEV, GNO, and PE3. In addition, the three-parameter log-normal (LN3) distribution is close to the centre of the circles in Figure 2 after log-transforming the original data, and is added to the candidate distribution set as well. 
Figure 1 L-moment ratio diagram for rainfall records.
Figure 2 L-moment ratio diagram for log-transformed values.
The rRMSE method is implemented using Monte Carlo simulation. With distribution parameters estimated from the original sample set, M realizations of sample sets are produced and fitted with the same frequency distribution. The rRMSE for non-exceedance probability F is then computed from M estimates of the quantile , using Equation 4.
Figure 3 below shows rRMSE for estimates of 2 y, 5 y, 10 y and 25 y return periods. In each plot, the rRMSEs of all 21 stations for the same rainfall duration are pooled together as box plots to show the range and central tendency of the rRMSE. Box plots of five candidate distributions are drawn side-by-side for visual comparison. Amongst the box plots for all four return periods and six rainfall durations, all candidates show similar performance. The Gumbel distribution has larger ranges of errors than other candidates for 2 y event estimates, but also has a smaller mean error for 25 y event estimates. The errors of all candidates show no apparent differences for 5 y and 10 y event estimates. These results demonstrate that the Gumbel distribution is as appropriate as the three-parameter distributions for the performance characterization of predicting design rainfall intensities, and is simpler in computation (two-parameter distribution); on these bases, it is reasonable to continue using the Gumbel distribution to model AMS data.
Uncertainties in Design Rainfall
Intensity Estimates
The uncertainties involved in design rainfall intensity estimates can be characterized by confidence intervals or by the ratio of the confidence interval to the estimated design value. In Ontario, two major sources of IDF curves are available. The Meteorological Service of Canada (MSC) of Environment Canada provides data files including IDF interpolation equations and return period rainfall rates with 95% confidence intervals for 133 climate stations, and was last updated in 2012. The MTO provides online lookup tools for IDF curve interpolation coefficients and rainfall intensity estimates with 95% confidence intervals for selected durations, and provides comparisons with MSC data files as well (added in Fall 2013).
The design rainfall intensities and related uncertainties are publicly accessible with the work of MSC and MTO; however, caution is still needed. It is not always appropriate to use the best estimate of the design rainfall intensity, especially when the uncertainty associated with the estimate is considerable, i.e. the confidence interval is large. For example, at Waterloo Wellington Airport (climate station ID 6149387), the upper confidence limit of the 25 y design rainfall estimate is very close to the expected value of the 100 y event estimate (Table 1) , which means the 100 y event estimate may be a 25 y event in reality. Wang and McBean (2013) reported a linear relationship between the uncertainty and the log-transformed record length. Using this linear relationship, one can predict the length of record needed to decrease uncertainties to a specific level. For example, the record length needed to estimate a 95% confidence interval as ±10% of the expected value is 62 y, for the 25 y return, 1 h rainfall intensity estimate at Kingston (climate station ID 6104146).
Given that Kingston only has 45 y of rainfall record, ±10% uncertainty of the expected value cannot be obtained.
In cases when the design rainfall intensity estimate involves sizable uncertainty (e.g. >±10%), use of the upper confidence limit instead of the expected value of the design rainfall intensity should be considered. 
Use of Partial Duration Series Is Appropriate
The PDS model estimates average recurrence intervals between storm events exceeding a given value, or the threshold intensity with a desired return period. A PDS model analyzes the return periods between storm events, while the AMS model focuses on the return period between years in which a given rainfall intensity is exceeded.
The difference between the estimates from the two models is considerable when the return period is <10 y, because the possibility of such events occurring more than once in a year is not negligible. Examples when the 5 y design rainfall intensity is exceeded twice or more in a year in Ontario include at Owen Sound (climate station ID 6116132) in 1968. The 1 h 5 y return period rainfall intensity is given as 34.5 mm/h from MSC data files, and estimated from the PDS model as 36.3 mm/h. As shown in Figure 4 , two events exceeded this intensity: 43.9 mm/h on August 19th and 38.9 mm/h on August 22nd, and both are more intensive than the maximum in the year 1969. Similarly, at Chatham (climate station ID 6131415) in 1967, the MSC 1 h 5 y rainfall intensity is 35.7 mm/h and two events exceeded this intensity: 49.8 mm/h on June 28th and 52.3 mm/h on July 31st. The PDS model estimate of the same return period is 37.4 mm/h, 5% greater than the estimate from the AMS model. Further, the MSC design value (35.7 mm/h) has an average recurrence interval of 4.1 y in the PDS model.
In these examples, the second largest events in individual years are excluded from the AMS model; however, the PDS model uses all rainfall intensities exceeding a selected threshold. Besides, with a larger design rainfall intensity estimate from the PDS model, the stormwater system has higher capacity to drain stormwater in cases of heavy rainfall events. Stormwater system design for heavy rainfall events should use the PDS model instead of the AMS model.
Changes in Design Rainfall Intensities
To analyze changes in design rainfall intensities with respect to the timeframe of the rainfall record, design rainfall intensities estimated from records of two consecutive time periods (1960-1983 and 1984-2007) are compared, based on 1 h rainfall records from 34 climate stations in Southern Ontario. The confidence intervals are computed using the resampling method (Douglas et al. 2000; Burn and Hag Elnur 2002; Adamowski and Bougadis 2003) . If the confidence intervals for the design rainfall intensity of the same return period do not overlap, then a step change in the design rainfall intensity is identified, with statistical significance no less than the confidence level. Further, the changing rates of the design rainfall intensity are calculated, as in Equation 5.
i 1 , i 2 = design rainfall intensities estimated from two time periods, separately, and t 1 , t 2 = the mid-point years of these two time periods. Table 2 lists the results for all 34 stations, for changes in design rainfall intensities of 2 y, 5 y, 10 y and 25 y return periods. Approximately half of the climate stations show increases in design rainfall intensities, while half show decreases; only a few of these changes are statistically significant at 80% (marked with asterisks). The 30 min and 2 h daily maximum rainfall records were analyzed as well, and the changes were pooled together, shown in Figure 5 . Climate stations showing significant changes in the design rainfall intensity are plotted with triangles indicating the directions of the change. There is no conclusive regional change identified, although several climate stations with geographical proximity show the same direction of changes, e.g. the Toronto area and the area from Windsor to London show decreased changes.
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Figure 5 Design rainfall intensity changes in Southern
Ontario.
Of interest is how the selection of the split year affects the design rainfall intensity changes identified. The sensitivities of the changes with respect to the split year are assessed using variable split years, enumerated from 1975 to 1990. The result of 1 h daily maximum rainfall records at Delhi (climate station ID 6131983) is shown in Figure 6 . The changing rate of 2 y return rainfall is the largest for all split years, while that of the 25 y return rainfall is the smallest. The changing rate of the 25 y return rainfall is not very sensitive in response to the split year, fluctuating between 1% and 1.5% per year. Most changes identified at Delhi are statistically significant, except for the two split years of 1989 and 1990. This provides strong evidence of increasing design rainfall intensities at Delhi. Examining sensitivity analysis results at all 34 stations shows that changes in design rainfall intensity between records of two consecutive time periods are sensitive to the split year.
However, the analyses of 34 stations found no consistent pattern, in terms of the trends of the changing rates or the statistical significance of changes. To conclude, the design rainfall intensity varies over time (and sometimes significantly). Therefore it is recommended to analyze the sensitivity of the design rainfall intensity in relation to the timeframe of the rainfall record being used,
as an alternative to the use of the entire historical rainfall record.
Use of Regional Frequency Analysis To Reduce Uncertainties
From the foregoing conclusion, the design rainfall intensities are prone to change under the shifting climate background, and it is recommended to analyze the design rainfall intensities with respect to the timeframes of the rainfall record. Therefore, when the record employed is limited in length, the sample variance becomes considerable. In such cases, it is suggested to assign the upper confidence limit of the estimate in stormwater system design or, alternatively, to reduce the uncertainties involved in the estimates. The regional frequency analysis method is designed to reduce the uncertainties. It groups rainfall records from stations sharing statistical similarities, and estimates at-site design rainfall intensities using regional averaged cumulative frequency distribution.
The regional L-moment algorithm, which is the key method of the regional frequency analysis, is based on the index flood method. The sample L-moment ratios at each station in the group are averaged to form the regional L-moment ratios estimates, and, further, to estimate the frequency distribution parameters, as in Equations 6 and 7.
t, t (i) = the regional and ith station sample L-CV, and t r , t r (i) = the regional and ith station rth sample L-moment ratio, and n i = the record length (y) at the ith station. The design rainfall intensities at the ith station are estimated by the multiplication of the regional frequency distribution quantile at non-exceedance probability F and the local scale factor l 1 (i) , which is estimated as the sample mean value in Equation 8.
The statistical similarity of rainfall records from stations within a group is one of the most substantial assumptions in the regional frequency analysis. Hosking and Wallis (1997) introduced the procedures to group stations, and test the statistical homogeneity of each group. The regional frequency distribution is selected according to the L-moment ratio diagram and the goodness-of-fit measure.
To demonstrate the regional L-moment algorithm, the 1 h rainfall record at Kingston (climate station ID 6104175) is analyzed, and attempts are made to reduce the uncertainties involved in the 2 y, 5 y and 10 y return event estimates. The Kingston station is grouped with geographically adjacent climate stations, as listed in Table 3 . The grouping is based on the distances of each climate station to Lake Huron, Lake Erie and Lake Ontario as these lakes are recognized as major sources of atmospheric moisture. The heterogeneity measure of this region is evaluated as an acceptably homogeneous region. The regional frequency distribution is selected as the generalized Pareto distribution, based on the L-moment ratio diagram in Figure 8 and the goodnessof-fit measure (Z GPA = 0.29). Table 4 shows the RMSE reduction of the design rainfall intensity estimates at the Kingston station. The uncertainties (RMSE) of the design rainfall intensity estimates at the Kingston station are reduced by 21.6% on average. Wang and McBean (2014) developed a regional frequency analysis model using PDS data in Southern Ontario. 
Conclusions
Three rainfall intensity models for Ontario, Canada are analyzed in several aspects including the selection of the frequency distribution, the characterization of the rainfall intensity uncertainties, the analysis of the PDS data structure, the identification of the rainfall intensity changes, and the application of regional frequency analysis.
The application of the Gumbel distribution in the AMS model is investigated and supported, which shows that the Gumbel distribution is as good as other three-parameter distributions in the modeling of rainfall values. It is recommended to use the upper confidence limit instead of the expected value of the design rainfall intensity, if the design rainfall intensities involve considerable uncertainties. It is demonstrated that, in urban stormwater system design, the PDS model is more appropriate for heavy rainfall modeling when the return period is ≤10 y. It is evident that rainfall intensities have been changing during the last few decades in Ontario. Spatially, changes are occurring mostly in southern Ontario, along the coasts of both Lake Erie and Lake Ontario from Windsor to Ottawa. Temporally, changes are occurring during the 1980s and 1990s, from the sensitivity analyses of the changes. In addition, it is recommended to analyze the sensitivity of the design rainfall intensity in relation to the timeframe of the rainfall record being used, as an alternative to the use of the entire historical rainfall record. It is also exhibited that the regional model using partial duration series can reduce uncertainties involved in the rainfall intensity estimates. If nearby rainfall stations have lengthy rainfall records, a regional frequency analysis model should be considered as an appropriate method to develop, to reduce uncertainties involved in rainfall intensity estimates.
